Objective: To investigate the efficacy of enhancing the content and bioavailability of micronutrients in diets of stunted rural Malawian children on their growth and body composition, morbidity, anaemia and hair zinc concentrations. Design: A quasi-experimental design with non-equivalent control group involving 410 intervention and 220 control children aged 30 -90 months. Setting and subjects: Children from two intervention and two control villages in Mangochi District, Southern Malawi participated in a 6 month dietary intervention. Anthropometry, malarial screening, haemoglobin, and hair zinc were measured at baseline and after 12 months, as well as socio-economic status at baseline, and common infections monthly postintervention. Results: Groups were comparable at baseline. Post-intervention children had greater Z-scores for lean body mass (mid-upper arm circumference 70.75 vs 71.05; arm muscle area: 0.63 vs 71.03, P < 0.001) than controls but Z-scores for weight-forheight and height-for-age were similar. After controlling for baseline variables, mean haemoglobin was higher (107 vs 102 g=l, P < 0.01), whereas the incidence of both anaemia (62 vs 80%) and common infections (based on a median overall illness score for fever, diarrhoea, upper and lower respiratory infections) were lower in intervention compared to controls, with no change in hair zinc concentrations or malaria status post-intervention. Conclusion: Improvements in the micronutrient adequacy of diets of post-intervention children were associated with a favourable increase in indices of lean body mass and reductions in the incidence of anaemia and common infections in these rural Malawian stunted children.
Introduction
Chronic malnutrition arising from the interaction between morbidity and inadequate dietary intakes has a major impact on growth and development of African children. In rural Malawi, inadequate intakes of several micronutrients are widespread because staple diets are predominantly maizebased, and intakes of flesh foods and dairy products are low (Gibson & Hotz, 2001a) . As a result, the content and bioavailability of iron, zinc and preformed vitamin A is often low in these rural diets. These three micronutrients have a critical role in immune competence (Beard, 2001; Beaton et al, 1993; Shankar & Prasad, 1998) and linear growth (Angeles et al, 1993; Bahl et al, 1997; Brown et al, 1998) . Hence, it is not surprising that deficiencies of these micronutrients have been associated, in part, with the high prevalence of morbidity and stunting reported in Malawian children (National Statistical Office, 1997) . Clearly, a dietary intervention strategy that simultaneously enhances the content and bioavailability of these micronutrients in rural Malawian diets is urgently required. We devised such a strategy based on our detailed knowledge of local food consumption patterns and food preparation and processing methods in Southern Malawi. Our strategies included dietary diversification via the introduction of new crops to increase the fat and provitamin A content of the diets, as well as dietary modification. The latter focused on strategies to reduce the high phytate content of Malawian maize-based diet via soaking, fermentation and germination: phytate is a strong antagonist of iron and zinc absorption. At the same time efforts were made to increase the content of enhancers of zinc and=or non-haem iron absorption (eg cellular animal protein and=or ascorbic acid). Details of these strategies and their impact on the micronutrient adequacy of the diets have been published elsewhere Yeudall et al, 2002) .
In this report we compare the changes in anthropometric indices, incidence of malaria, common infections, and anaemia, as well as haemoglobin and hair zinc concentrations over 12 months in two groups of rural Malawian children aged 30 -90 months, one group receiving their habitual rural maize-based Malawian diet modified by our dietary intervention for 6 months, and a second group consuming an unmodified diet. We selected this age group rather than younger children to maximize the impact of our dietary strategies, especially the phytate reduction strategies, on their intakes and bioavailability of micronutrients. Children of this age are known to receive more than 50% of their energy from maize (Ferguson et al, 1993) and hence have high phytate intakes. In addition, this age group will not be breastfeeding (National Statistical Office, 1994) , so that we could quantify their dietary intakes more readily, and thus assess their exposure to our dietary interventions.
We assessed body composition changes as well as growth because alterations in the relative proportions of fat to lean tissue have been related to changes in zinc status in earlier studies of severely malnourished (Golden & Golden, 1981; Golden & Golden, 1992) and stunted rural African children (Bates et al, 1993; Friis et al, 1997; Kikafunda et al, 1998) .
Subjects and study design
Details of the subjects and sample selection have been described elsewhere (Yeudall et al, 2002) . Briefly, baseline data were collected on a self-selected sample of 630 children (410 intervention; 220 control) from 412 households born between 1989 and 1993 (30 -90 months at baseline) in two intervention and two control villages in Mangochi District in Southern Malawi during the post-harvest food plenty season. Village selection was based on similar socioeconomic and food production characteristics as well as perceived need determined by a consultative committee, in keeping with the participatory research approach of the project ). Children's ages were validated, where possible, by comparing stated birthdates to documented birthdates, or by agreement of birthdates across survey periods. Children lacking accurate birthdate information (n ¼ 42) were excluded from analysis. Verbal consent was obtained from the traditional authorities in each village, and from the parents or guardians of the children after the nature of the study had been fully explained to them. The study was approved by the Health Sciences Research Committee, University of Malawi and the University of Otago Human Ethics Committee, Dunedin, New Zealand.
A quasi-experimental design with non-equivalent control group was utilized. Control communities were provided with the intervention at the end of the post-intervention data collection period. Following recruitment, households were interviewed in their homes by trained research assistants using a pretested structured questionnaire and observations to obtain data on general health, demographics, and socioeconomic status (SES), over a 6 week period at baseline (April and May, 1996) , after which anthropometric measurements, hair samples, and finger-prick blood samples were taken. The dietary intervention was implemented from June until November 1996. Post-intervention anthropometry, hair and finger-prick blood collections were performed 12 months after the baseline collection in the same sequence, followed by dietary assessment. Data on common infectious illnesses were recorded daily by the parents or guardians and collected at monthly intervals from December 1996.
Methods

Anthropometric assessment
Anthropometric assessment was performed on 450 children at baseline, and 306 children after 12 months (participation rates 71 and 48%, respectively). The following measurements were taken in triplicate using calibrated equipment and standardized techniques (Lohman et al, 1988) with children wearing light clothing and no shoes: standing height, weight, mid upper arm circumference (MUAC) and tricep skinfolds (TSF). Each measurement was taken by the same trained anthropometrist to eliminate inter-examiner error. Height was measured to the nearest millimeter using a portable stadiometer (Physical Education Workshop, University of Otago). Weight was measured to the nearest 0.1 pound using a portable battery operated scale (OH, USA). The mid-upper arm circumference and the tricep skinfold thickness were measured on the right side with a fibre glass insertion tape (Ross Laboratory, Columbus, OH, USA) and precision calipres (Lange, Cambridge Scientific Industries Inc, Cambridge, MA, USA), respectively.
Z-scores for height-for-age (HAZ) and weight-for-height (WHZ) were calculated from the National Center for Health Multi-micronutrient dietary intervention F Yeudall et al Statistics (NCHS) reference data using EPIINFO (version 6.0 USD Inc., Stone Mountain, GA, USA). Arm fat area (AFA) and arm muscle area (AMA) were calculated using standard equations (Frisancho, 1990) . Z-scores for skinfolds and AMA and AFA were calculated from the U.S. NHANES I and II data for African Americans compiled by Frisancho (1990) . The LMS method was used to correct for skewed body composition indices in Z-score calculations where appropriate (Davies et al, 1993) .
Biochemical assessment
Biochemical assessment included on-site haemoglobin assays on finger-prick blood samples using a portable haemoglobinometer and manufacturer's controls (Hemocue AB, Sweden) from 389 children at baseline and 325 children at 1 y (participation rates 62 and 52%, respectively). Hair samples were collected with stainless steel scissors from 414 children at baseline and 96 at 1 y (participation rates 66 and 15%, respectively) from the occipital portion of the scalp. The lower participation rate at 1 y arose because of the reluctance of the participants to provide hair samples at this time. Indeed, some children's heads were shaved immediately prior to the scheduled date for hair sample collection. Consequently, caution must be exercised in the interpretation of these results. Hair samples were checked for nits and lice, washed with non-ionic detergent (1% Actinox) using a standard procedure (Gibson & DeWolfe, 1979) , dried, and then analysed for zinc by flame atomic absorption spectrophotometry (Smith et al, 1979) following acid digestion with ultra pure nitric acid (70%, Aristair BDH Laboratory Supplies). Twenty-four aliquots of a certified reference material for human hair (Commission Bureau of Reference, Reference Material no. 125) were analysed giving a mean value of 3.05 mmol=g (s.d. ¼ 0.11, CV ¼ 3.5%) compared to the certified value of 3.04 AE 0.08 mmol=g. The CV for zinc in aliquots (n ¼ 7) of a pooled powdered hair sample was 2.5%.
Morbidity assessment
Morbidity assessment was undertaken via malaria screening using thick blood smears stained with 4% Giemsa stain and examined for malaria by an experienced technician. Parasite densities were determined as the ratio of parasites to white blood cells. Anthelminth medication (albendazole 400 mg) was distributed to all children at baseline and was available at monthly clinics from December 1996. Tests for other parasitic infections were not conducted because of reluctance by community members to provide biological samples, as shown by the significant loss to follow-up with respect to hair samples compared to anthropometry undertaken at the same time.
Morbidity picture calendars were distributed to all mothers monthly from December 1996 to track the incidence of common illnesses over one month. Mothers were taught to mark daily whether their child had experienced fever, diarrhoea (loose watery stools), upper (cold) or lower (cough) respiratory tract infections (URTI and LRTI) over a 1 month period. Completed calendars were reviewed by a clinical officer at monthly morbidity clinics. A score of 1 was assigned if the child experienced the illness at any point during the month. Duration and severity of illness were not assessed because the measurements were based on maternal reports. An overall score of infection was calculated for each child, with one point for each of the illnesses monitored for a maximum score of four per month.
Statistical analysis SPSS version 8.0 was used. All continuous variables were examined for normality and transformed as necessary and are reported as mean (95% CI). Differences between groups for normally distributed or transformed variables with homogeneity of variance were assessed using a general linear model, controlling for age and sex, and ensuring that the assumptions of the model were met. Illness scores were compared using the Kruskal -Wallis test. Examination of potential impact of confounding and explanatory variables on anthropometric outcomes was conducted using the general linear model. Statistical significance of differences in proportions between intervention and control groups was assessed by Pearson w 2 test or Fisher's exact test for categorical data. Statistical significance was set at a P-value < 0.05.
Results
Baseline height, weight, haemoglobin and hair zinc concentrations were compared between those who also participated in the 1 y measurements and drop-outs. There were no significant differences between participants and drop-outs, suggesting that participation was random and not linked to initial differences in anthropometric or biochemical status.
Growth and body composition data
For the intervention and control groups at baseline, when adjusted for age and sex, growth and body composition data did not differ significantly (Table 1 ). There were also no significant differences in the prevalence of stunting or wasting between intervention and control children at baseline, nor in any of the other growth or body composition indices examined, after controlling for those socio-economic variables that differed at baseline (ie religion, parental education and water source).
Growth and body composition data at one year, again adjusted for age and sex as well as baseline variables, are presented in Table 2 . The children increased in weight and height from baseline to 12 months, gaining on average approximately 6 cm in height and 2 kg in weight. There was a small positive change in the mean Z-scores for height-for-age and weight-for-height in both groups over the 12 month period (Figure 1 ). However, at the end of the Multi-micronutrient dietary intervention F Yeudall et al study, the overall prevalence of stunting (ie HAZ <72 s.d.) in the intervention group had not changed (50%; n ¼ 115) compared to baseline (ie 52%) and was similar to that of the control group (ie 49%; n ¼ 62), whereas that of wasting (WHZ <72 s.d.) was still very low in both groups and comparable to initial baseline values (ie 2% intervention; 1% control, NS). Figure 1 presents the adjusted mean change in growth Zscores by group. After controlling for age and sex, there were no significant differences between the two groups in any of the growth variables examined. Figure 2 presents the corresponding age-and sex-adjusted mean change in body composition Z-scores. On average, MUACZ and AMAZ increased in both groups over the year whereas TSFZ and AFAZ decreased. In contrast to growth, significant differences in the mean changes in Z-scores for body composition indices existed between the two groups. Mean Z-scores for MUAC Multi-micronutrient dietary intervention F Yeudall et al and AMA increased significantly more in the intervention compared to the control children after 12 months (P < 0.001), whereas the mean Z-score for TSF tended to decrease more in the intervention than control group (P ¼ 0.05).
Biochemical results
Biochemical results at baseline and the end of the study are summarized in Tables 3 and 4 . All children with anaemia (ie haemoglobin < 110 g=l for 60 months; 115 g=l for > 60 months; Stoltzfus & Dreyfuss, 1998) , were referred to the hospital for treatment. No significant differences in haemoglobin concentrations between the two groups existed at baseline (Table 3 ), but after 1 y, haemoglobin had fallen by 7 g=l on average in the control group with no change in the intervention group (Table 3 ; P < 0.05). Likewise, the prevalence of anaemia did not differ significantly between groups at baseline (59 vs 62% in control and intervention group, respectively). However, at 1 y the incidence of anaemia in control children had increased to 80%, but remained unchanged (ie 62%) in the intervention children (P < 0.001).
In contrast to haemoglobin, there were no significant differences in initial or final hair zinc concentration between groups, although concentrations increased in control children from baseline values at 12 months (2.72 vs 2.91 mmol=g, P < 0.05).
Morbidity
The prevalence of malaria in the subjects overall increased from 33% (n ¼ 156) at baseline to 45% (n ¼ 195) at 1 y. At baseline, prevalence of malaria was lower in the intervention compared to control children (26 vs 48%, P < 0.001), but at 1 y no significant difference in malaria incidence existed between the intervention and control groups, after controlling for baseline status (data not reported). Children testing positive for malaria at the time of the one year blood test had a lower mean haemoglobin concentration (104 vs 107 g=l, P < 0.01), and a higher prevalence of anaemia (74 vs 26%, w 2 < 0.01) than those with a negative test, after controlling for age and sex.
In both groups, the incidence of all individual illnesses reported by mothers followed a similar pattern, being highest in January through March, corresponding to the height of the rainy, pre-harvest hungry season. In the intervention children, the median illness scores were significantly higher in February, March and May compared to controls, a trend that was reversed in June and August when the median illness scores were significantly lower for the intervention compared to the control group (Figure 3 ).
Inter-relationships among anthropometric, biochemical and morbidity variables A series of general linear models were examined to determine the effect of treatment group, hair zinc and haemoglobin concentrations and morbidity on final anthropometric outcomes. Age, sex and baseline values were included in each model for consistency. As expected, baseline anthropometric values explained a significant proportion of the variation in all anthropometric outcomes. Age was significant for all Zscores, with the exception of AFAZ, whereas sex explained a significant proportion of the variation in WHZ, AMAZ and AFAZ. Figure 3 Percentage reporting at least one illness by group per month (total n). The rainy season extends from January to April.
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With respect to potential explanatory variables, treatment group was a significant predictor of MUACZ (b ¼ 0.298, P < 0.001) and AMAZ (b ¼ 0.650, P < 0.001). Final haemoglobin concentration was a significant predictor of height (b ¼ 0.368, P < 0.05) and HAZ (b ¼ 0.070, P < 0.05). Final hair zinc concentration approached significance in predicting MUACZ (b ¼ 7 0.175, P ¼ 0.06). Neither average illness score nor occurrence of malaria was significant in any of the models examined. However, there was a consistent trend for children with higher illness scores to have lower values for all anthropometric outcomes, with the exception of WHZ, which tended to be higher. These trends persisted, even after controlling for differences in SES variables at baseline.
Discussion
To our knowledge, no dietary diversification=modification trials designed to improve simultaneously the iron, zinc and vitamin A nutrition of children in Africa or elsewhere, have been published. Consequently, we have compared our results with those of supplementation trials, based mainly on single micronutrients, and conducted on children whose growth status was similar to that of the children reported here (ie stunted but not wasted). However, when comparing our results with these supplementation trials, a much smaller effect of the dietary strategies is to be expected: the increased intake of the micronutrients is very much lower in a dietary strategy relative to a supplementation trial.
Inter-relationship between anthropometric indices, morbidity and the treatment Our 6 month micronutrient dietary intervention demonstrated a significant effect on the lean body mass of these stunted rural Malawian children after 12 months, but no impact on their height or weight gain. Specifically, changes in Z-scores for MUAC and AMA were significantly greater in the intervention than the control group after 12 months ( Figure 1) ; no comparable improvement in HAZ and WHZ scores was observed.
Only a few double-blind supplementation trials with zinc (Bates et al, 1993; Cavan et al, 1993; Friis et al, 1997; Kikafunda et al, 1998; Ruz et al, 1997; Rivera et al, 1998; Umeta et al, 2000) , iron (Latham et al, 1990) , or vitamin A (West et al, 1988 (West et al, , 1997 have assessed anthropometric indices of body composition as well as growth. Of these, several zinc (but not iron or vitamin A) supplementation studies have noted improvements in indices of lean body mass, comparable to those reported here, with no effect on linear growth (Bates et al, 1993; Friis et al, 1997; Kikafunda et al, 1998) . This is not surprising because zinc has a much more clearly defined role in lean tissue deposition than vitamin A or iron, through a regulatory role in protein synthesis, reportedly mediated via its interaction with insulin activity and changes in serum IGF-I levels (Begin-Heick et al, 1985; Clausen & Dorup, 1998) . For example, in severely malnourished Jamaican children, accretion of lean tissue markedly improved in response to a zinc supplement (Golden & Golden, 1981) , consistent with findings observed in adults (Prasad, 1991) and in animal studies (Giugliano & Millward, 1984 Morgan et al, 1988) . Therefore, it is possible that the significantly greater increases in MUAC and AMA Zscores reported in the intervention children studied here may have arisen because of their significantly higher intakes of available dietary zinc compared to those of the control children (Yeudall et al, 2002) . Such improvements in available zinc in the diets of the intervention compared to the control children (ie 3.2 vs 2.3 mg=day; P < 0.001) were attributed, in part, to their lower intakes of phytate (638 vs 812 mg=day; P < 0.01) and lower phytate: Zn molar ratios (16 vs 20; P < 0.001), together with their higher intakes of animal foods, especially fish (62 vs 48 g; P < 0.010), a rich source of readily available zinc.
Zinc, together with iron and vitamin A, may also have indirect effects on body composition via their role in immune competence. Any reduction in diarrheal and respiratory infections and associated symptoms such as vomiting, fever and anorexia, induced by improved zinc, iron and=or vitamin A nutriture, is likely to enhance absorption and utilization of energy and nutrients, leading to a greater production of cellular energy and accelerated protein anabolism. In the present study, the intervention children had a significantly lower incidence of common infectious illnesses than the controls after the rainy season, despite a higher incidence earlier. Such trends, may have been associated in part with the enhanced bioavailability of zinc, vitamin A, and possibly iron, noted in the diets of the intervention children compared to their corresponding controls. Certainly, at the end of the study, animal sources (5 vs 3%, P < 0.001) and fat (11 vs 9%, P < 0.001) contributed significantly more energy in the diets of the intervention children, whereas their phytate intakes were lower (638 vs 812 mg=day, P < 0.01) than those of the controls (Yeudall et al, 2002) . Unequal access to medical services was unlikely to be responsible for these morbidity findings because in the present study a clinical officer visited both the intervention and control communities on a monthly basis.
In several zinc supplementation studies (Walravens & Hambidge, 1976; Walravens et al, 1983; Gibson et al, 1989; Castillo-Duran et al, 1994) in which growth but not body composition was measured, positive responses in terms of height and=or weight gain have been reported in the supplemented compared to the placebo children. Less consistent positive effects on growth have been observed in vitamin A or iron supplementation studies (Angeles et al, 1993; Lawless et al, 1994; Bahl et al, 1997) . Our dietary intervention did not produce any significant improvement in linear or ponderal growth, despite the marked reduction in phytate intakes (638 vs 812 mg, P < 0.01) and thus greater intakes of available dietary zinc (3.2 vs 2.3 mg, P < 0.001) in the intervention compared to the control children (Yeudall et al, 2002) . There are at least three possible explanations for Multi-micronutrient dietary intervention F Yeudall et al our failure to observe a positive response of our dietary intervention on growth; these are itemized below:
In most nutrition supplementation studies, the greatest effects on linear growth have occurred during the first year of life. Linear growth is very fast at this time (ie approximately 20 cm=y), compared to the expected 7 cm=y on average for the 3 -7 y children studied here (Baumgartner et al, 1986) . In a 3 y study in Guatemala, for example, the nutritional supplement had the greatest impact on the linear growth of children aged less than three years but no impact on children aged 3 -7 y (Ruel et al, 1995) . Most of the children studied here were more than three years of age, their ages ranging from 30 to 90 months. We selected this age for our target group, despite their slower growth rate, because our intervention involved strategies to modify habitual Malawian maizebased diets rather than supplying a nutritional supplement. Children of this age in Malawi are known to receive more than 50% of their energy from maize (Ferguson et al, 1993) and hence have high phytate intakes. In addition, they are not breastfeeding (National Statistical Office, 1997), so that we could readily quantify their dietary intakes. The 12 month time frame over which the change in our anthropometric indices was evaluated, was probably too short to detect even a small improvement in linear growth anticipated for this age group, especially because catch-up growth in height tends to occur after weight gain, even in marginally malnourished children (Brown et al, 1982) . (Walker & Golden 1988 ). More sensitive techniques such as knee-height measurements might have helped detect any subtle improvement (Himes et al, 1991) . Certainly, Penland et al, (1997) reported a significant increase in knee-height after only 10 weeks, in Chinese children aged 6 -9 y of age receiving a daily supplement containing 20 mg Zn plus micronutrients compared to those receiving a daily supplement of 20 mg Zn alone. In rural Malawi where the prevalence of stunting among rural adults is high (Gibson & Huddle, 1998) , any growth response is likely to be constrained by a combination of intrauterine growth retardation and inter-generational effects of malnutrition. Indeed, mothers of the stunted children of this study were significantly shorter than those of non-stunted children (153.6 vs 155.7 cm; P < 0.001), despite no differences in SES.
Inter-relationship between haemoglobin concentrations, morbidity and the treatment Haemoglobin concentrations presented here (Table 3) were significantly higher in the intervention compared to the control group at 12 months, after adjusting for age, sex and baseline variables. As a result, the incidence of anaemia was lower in the intervention than in the control group postintervention (62 vs 80%; P < 0.001). Although our dietary intervention was not designed to identify which etiological factor(s) were responsible for the higher haemoglobin values in the intervention group, three critical factors are worthy of discussion in relation to the haemoglobin results: malaria, other infections, and nutritional status. The incidence of malaria post-intervention was in general higher compared to the previous year (45% vs 33%), probably as a result of increased rainfall (Famine Early Warning System, 1997). We suspect that the decline in haemoglobin concentrations in the control group was a function of this increased incidence of malaria. Certainly, at the end of 12 months, the prevalence of anaemia was higher in malariapositive children. However, the prevalence of malaria was similar in the control and intervention groups at 12 months, suggesting that malaria was not implicated in the differences in anaemia prevalence that distinguish the two groups at the end of the study.
Low haemoglobin concentrations may also result from a variety of other parasitic infections including hookworm. To minimize this potential confounder, all the children studied were treated initially with albendazole and then monthly thereafter, where necessary, even though hookworm is not a major cause of anaemia in rural Malawian children (Williams et al, 2000) . Schistosomiasis may also reduce haemoglobin concentrations (Stoltzfus et al, 1997) . We were not able to test the children for schistosomiasis because the communities were very reluctant to provide urine samples. However, the prevalence of schistosomiasis in the control and intervention villages was likely to be similar because all the children lived in close proximity to Lake Malombe.
Several nutrients are known to have a role in erythropoiesis, and deficiencies of iron, vitamin B 12 , folate, riboflavin, and vitamin A (via its interaction with iron; Bloem et al, 1989) have been implicated in the etiology of anaemia reported earlier in Malawi (van den Brock & Letsky, 2000) . Indeed, our Malawian control children consuming their habitual maize-based diets were at high risk for inadequate intakes of iron and vitamin B 12 (Yeudall et al, 2002) . Implementation of our dietary strategies significantly decreased the prevalence of inadequate intakes of vitamin B 12 in the intervention compared to the control group (ie 23 vs 41%; P ¼ 0.001), as a result of their increased intake of animal products, mainly fish. Hence, enhancing the vitamin B 12 nutriture of the intervention group could have contributed to the lower incidence of anaemia at 1 y in the intervention compared to the control group. Also, an increase in the bioavailability of iron induced by alterations in the content of non-haem iron absorption modifiers, particularly phytate and cellular animal protein in the diets of the intervention children, may have also played a role.
Inter-relationship between hair zinc concentrations and the treatment Unlike haemoglobin, no significant differences in hair zinc concentrations were apparent between the two groups postintervention (Table 4) , even though calculated intakes of Multi-micronutrient dietary intervention F Yeudall et al available zinc were significantly higher in the intervention compared to the control group (Yeudall et al, 2002) . A similar finding has been reported in several zinc supplementation trials; hair zinc values have not increased in response to a daily zinc supplement, even after twelve months (Gibson et al, 1989; Cavan et al, 1993) . It is noteworthy that the hair zinc concentrations for both females and males presented here are consistently higher at baseline and after 12 months than those reported earlier for rural Malawian children aged 4 -6 y studied at the same season of the year (Ferguson et al, 1993) , as well as those from some earlier studies in other developing countries (Cavan et al, 1993; Gibson et al, 1991) . This apparent discrepancy with earlier findings is unlikely to be attributed to differences in the hair zinc analyses because the accuracy and precision of the methods were established both in the present and earlier studies by use of certified reference materials and pooled hair samples, respectively. As well, the girls in the present study had consistently higher hair zinc values than boys at baseline and after 12 months, a pattern consistent with earlier reports (Hambidge et al, 1972; Buzina et al, 1980; Smit-Vanderkooy & Gibson, 1987; Gibson et al, 1991; Cavan et al, 1993) .
None of the children in this study at baseline, or at 12 months had low hair zinc concentrations indicative of suboptimal zinc status, based on conventional cut-off values, even though they had low mean height-for-age Z-scores. This is in marked contrast to our earlier small study (n ¼ 57) of younger (62 AE 10 months) rural Malawian preschool children of whom 27% had hair zinc values below a cut-off value of 1.07 mmol=g. For children with impaired linear growth, zinc may not necessarily be the first limiting nutrient (Hauvast et al, 2000) . Linear growth faltering may arise from multiple causes including the effects of chronic infections, prenatal and inter-generational effects of maternal malnutrition, as well as the co-existence of multiple micronutrient inadequacies in the diet, especially when habitual diets are maize-based.
Of the micronutrients, deficits in iron, riboflavin, vitamin A, iodine, and=or zinc have all been implicated in linear growth faltering (Gibson & Hotz, 2001b) . Thus it is perhaps not surprising that when zinc is not the first growth-limiting nutrient, some children with impaired growth may have apparently normal hair zinc concentrations. In these circumstances, children are unlikely to show any improvement in linear growth in response to a zinc-supplement (Gibson et al, 1989; Bates et al, 1993; Friis et al, 1997) , despite being stunted. In the present study, even the stunted Malawian children in the control group had an intake of bioavailable zinc (calculated to take into account the inhibiting effect of phytate on zinc absorption) that was above the estimated normative physiological requirement (ie 1.2 mg=day) set by WHO (1996) . Moreover, these Malawian children probably had a reduced demand for zinc compared to healthy children growing normally, because of their smaller body size, and possibly greater intestinal conservation of endogenous zinc (Lee et al, 1993) . The latter may have arisen as a result of an adaptation to the low content of absorbable zinc in their habitual high phytate maize-based diets. This hypothesis, if correct, would explain the apparently normal hair zinc concentrations of these stunted Malawian children.
These results emphasize that only in circumstances when zinc is the first limiting nutrient can significant relationships between hair zinc concentrations and physiological functional indices of zinc status such as linear growth and taste acuity be expected, as observed in some earlier studies (Hambidge et al, 1972; Gibson et al, 1989; Buzina et al, 1980; Xue-Cun et al, 1985; Smit-Vanderkooy & Gibson, 1987; Cavan et al, 1993 , Umeta et al, 2000 . Several other investigators have emphasized that the co-existence of multiple micronutrient deficiencies limits the response of children to a zinc supplement, especially in developing countries, where the quality of their diets is often poor (Rosado et al, 1997; Rivera et al, 2001) . The dietary results of this present study have confirmed this suggestion, and have highlighted the inadequate intakes of iron, zinc, vitamin B 12 , calcium and vitamin A in Malawian children consuming habitual maize-based diets. For example, the predicted prevalence of inadequate intakes in our control group were 20% for available iron, 44% for available zinc (assuming a normative requirement estimate), 41% for vitamin B 12 , 54% for calcium and 17% for vitamin A (assuming a normative requirement estimate). Moreover, of these inadequacies, the most common combinations of deficits were those of calcium þ iron þ zinc and the vitamins A and B 12 (Yeudall et al, 2002) . Hence, deficits in intakes of all these nutrients, with the exception of vitamin B 12 , could potentially be limiting linear growth in these Malawian children. Only after overcoming deficits in all these growth-limiting nutrients, can a significant growth response be expected.
Conclusions
In conclusion, in these stunted Malawian children, our dietary strategies had a favourable effect on lean body mass but not growth, and were associated with reductions in the incidence of anaemia and common infectious illnesses. Longer dietary diversification=modification interventions of this type are needed to show an impact on growth for children aged 30 -90 months of age.
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